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Abstract

Pollen and plant macrofossil analysis and ten radiocarbon dates for the sediments

of Dinkey and Exchequer Meadows provide a detailed record of environmental

change in the western Sierra Nevada. The Dinkey Meadow sedimentary record is

nearly 5000 yr long, and the Exchequer Meadow record reaches 13,500 yr B.P. The
Exchequer Meadow pollen diagram is divided into an upper Abies zone (0-1870 yr

B.P.), a Pinus zone (1870-7070 yr B.P.), and a basal Artemisia zone (7070-13,500
yr B.P.), which is subdivided into upper Quercus and lower Gramineae subzones at

ca. 10,680 yr B.P. The Artemisia zone records more xeric vegetation than occurs west

of the Sierra today, and it contains Sequoiadendron pollen, indicating temperatures

little colder than today. The presence of spores of the dung fungus Sporormiella

indicates that grazing animals were abundant during the Gramineae subzone. A period

of maximum Abies percentages at Dinkey, Exchequer, and other Sierra Nevada sites

may result from warm dry climate shortly after 1900 yr B.P.

California's remarkable diversity of vegetation types results in

large part from its topographic and climatic heterogeneity. The for-

ests of the Coast Ranges and Sierra Nevada are separated by the

grasslands of the Central Valley, and deserts occupy the rainshadow
of eastern California (Major 1977). An unexpected finding of pa-

leoenvironmental research in California is that the coastal, interior,

and rainshadow areas may have had different climatic histories.

During the late-Pleistocene and early Holocene, coastal California

and eastern California appear to have been moister than today,

whereas the western Sierra was drier (Davis et al. 1985, Davis and
Sellers 1987).

At the end of the Pleistocene, mesic pine forests of coastal Cali-

fornia were replaced by oak woodlands. Adam and West (1983)

interpret the higher Pinus/Quercus pollen ratios from Tule Lake
(West 1 982) and Clear Lake (Adam et al. 1 98 1) as indicating greater

moisture and cooler temperature before 7000 yr B.P. Plant macro-
fossil deposits also indicate increased moisture during the early Ho-
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locene (Johnson 1977), and Bergquist (1977) reports Picea pollen,

evidence for a cool-moist climate, in sediments older than 8400 ±
100 yr B.P. at Bolinas Lagoon, near San Francisco.

In contrast, vegetation of the western Sierra during the early Ho-
locene resembled that found east of the Sierra today. Artemisia pollen

is abundant in early Holocene sediments from Balsam Meadow
(Davis et al. 1985), SwampLake (Batchelder 1980), Tulare Lake in

the San Joaquin Valley of California (Atwater et al. 1986), and in

lower King's Canyon (Cole 1983). Comparable Artemisia percent-

ages have not been duplicated in any modern pollen samples from
west of the Sierran crest (e.g., Adam 1967, West 1982, Davis et al.

1985, Anderson 1987). Such high Artemisia percentages have been

found only in vegetation east of the crest, in the Sierran rain shadow
(Adam 1967, Mehringer 1967, Anderson 1987). For such vegetation

to occur on the west slope of the Sierra, the climate must have been
drier than today. A glacial-age expansion of the Great Basin vege-

tation west of the Sierra is also documented by the abundance of

Sarcobatus pollen in the Tulare Lake core (Atwater et al. 1986).

Early-Holocene aridity is documented at other sites of interior

California by low lake levels and the expansion of xeric vegetation.

At Gabbott Meadow Lake (1900 m, Mackey and Sullivan 1986)

near the Sierra crest, oak percentages rise from 10,500 ± 140 to

7570 ± 100 yr B.P. and decline until 2270 ± 80 yr B.P., probably

indicating an expansion of xeric oak woodland into pine forest. At
Cedar Lake, Siskiyou Co., California ( 1 743 m, West 1 986), increased

aridity during the early Holocene is indicated by elevated "TCT"
(Taxaceae, Cupressaceae, Taxodiaceae) percentages from 7910 ±
120 to 10,180 ± 150 yr B.P. Most of the TCT pollen is probably

derived from Chamaecyparis lawsoniana, which must have become
established on the moraines surrounding the lake during a period

of xeric climate. Because the lake is near the coast, this aridity

conflicts with interpretations for other coastal sites; alternatively,

the climatic history of the northern California coast may differ from
that of more southern sites. However, Cedar Lake is leeward of the

Siskiyou Mountains, which reach elevations over 2100 m. If ocean
fogs are responsible for the early Holocene moisture in coastal sites,

the Siskiyou rain shadow may have produced a climate like that of

interior sites.

East of the Sierra Nevada in the Mojave Desert, the climate was
wetter at the end of the last glaciation. Glacial Lake Mojave over-

flowed from ca. 15,500 to 10,500 yr B.P. (Wells et al. 1987), and
Searles Lake overflowed ca. 1 1,000 yr B.P. (Smith and Street-Perrott

1983). Packrat middens from west of Las Vegas, Nevada, contain

elevated percentages of mesic shrubs and succulents, indicators of

increased summer precipitation from 12,000 to 8000 years ago
(Spaulding and Graumlich 1986).
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Because the Sierra Nevada was a major mountain range by 3

million yr B.P. (Chase and Wallace 1986), the trans-Sierra climatic

contrast has existed throughout the Pleistocene. During the last gla-

ciation the direction of prevailing winds was probably the same as

today's. Coastal sand dunes of late glacial age record wind directions

equivalent to modern (Johnson 1977). Pleistocene snowlines were
600 mhigher in the rainshadow of the Sierra Nevada than in adjacent

mountains. This greater elevation indicates moisture patterns sim-

ilar to today's patterns (Porter et al. 1983).

Purpose of the study. Pollen analysis of Dinkey and Exchequer
meadows, Fresno County, California, was undertaken to confirm

the early Holocene aridity of the western Sierra Nevada. This ver-

ification is particularly important because areas to the west (coastal

sites) and east (desert sites) of the western Sierra record greater

moisture during the early Holocene. These regional differences in

climatic change are in marked contrast to traditional climatic scenar-

ios (Antevs 1948) that call for uniform climatic change throughout

western North America: cool and moist before 7000 yr B.P., hot

and dry from 7000 to 4500 yr B.P. (the Altithermal), and near

modern climate from 4500 yr B.P. to present.

Study Area

Regional climate. Precipitation in the western Sierra is dominated
by the Aleutian low, which sends cyclonic storms eastward from the

Pacific Ocean during winter months (Pyke 1972). Precipitation is

greatest in January and February, with a distinct period of drought

in June, July, and August when dry descending air from the Pacific

high covers the Pacific coast and the juxtaposition of cold, dense

oceanic air and warm continental air produce the stable Pacific air

mass boundary (Mitchell 1976). As cyclonic storms move westward
in winter, they cross the Sierra crest, losing most of their moisture

before they enter the western Great Basin.

Present vegetation. The vegetation near Dinkey Meadow (37°N,

1 19°10'W, 1683 m) and Exchequer Meadow (37°N, 1 19°5'W, 2219
m) is characteristic of the upper (Exchequer) and lower (Dinkey)

Sierran Montane Forest. Pinus murrayana is scattered over Dinkey
Meadow, which is surrounded by a mixed stand of Abies concolor,

Pinus jeffreyi, Pinus lambertiana, and Calocedrus decurrens. The
coring site is covered with forbs, grasses, and scattered shrubs in-

cluding Vaccinium occidental, Polygonum amphibium, Scirpus sp.,

and Poa spp. in wet places; and Ribes roezlii, Ribes nevadense, Sym-
phoricarpos parishii, Ceanothus leucodermis, Viola macloskeyi, and
Apocynum pumilum on the uplands.

The coring site at Exchequer meadow is wetter and is dominated
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by Carex spp. and Scirpus spp. Scattered Pinus murrayana grow on
the meadow, which is surrounded by Pinus jeffreyi and occasional

Abies magnified. Ribes roezlii and Ribes nevadense are common
understory plants in the forest.

Glacial deposits. The western Sierra was glaciated extensively dur-

ing the late Pleistocene, and Matthes (1960) mapped glacial deposits

nearly down to the elevation of Dinkey Meadow ca. 1 700 m. Al-

though we know of no detailed maps of glacial deposits for the area,

Matthes' (1 960) maps indicate that Dinkey Meadowwas beyond the

terminal moraine, and Exchequer Meadowwas adjacent to, but not

covered by, the Dinkey Creek glacial lobe (Fig. 1).

Methods

The sediments of Dinkey and Exchequer Meadows were cored on
September 1, 1985. The wettest portions of the meadows were cho-

sen for coring to avoid oxidation or loss of sediment due to drying.

Sampling techniques. At Exchequer Meadow the upper 124 cm
of sediment was collected with a 5 cm diameter square rod piston

sampler (Wright 1967), and the lower sediment was cored with a

2.5 cm diameter Dachnowsky corer (Faegri and Iversen 1975) to

399 cm depth. The entire 300 cm Dinkey Meadow core was re-

covered with the piston sampler except for the interval from 2 1 0 to

230 cm, which was recovered with the Dachnowsky.
The cores were wrapped in plastic film and aluminum foil, and

were stored at 1°C prior to sampling. Volcanic ash layers were sub-

mitted to Andrei Sarna-Wojcicki, U.S. Geological Survey, Menlo
Park, California, for identification. Radiocarbon samples were sub-

mitted to Beta Analytic, Coral Gables, Florida.

Radiocarbon dates. All ten radiocarbon samples (Figs. 2 and 3)

were adjusted for 13 C/ 12 C fractionation, and samples Beta-16113
and Beta-17185 from Exchequer Meadow were given extended
counting times because they contained small amounts (0.20 and 0.35

g, respectively) of carbon. For Dinkey Meadow the sedimentation
rate changed from 0.08 cm yr 1 to a slower 0.05 cm yr

-1 below 150
cm (Fig. 2). For Exchequer Meadow the sedimentation rate was
nearly constant (0.03 cm yr

-1
) from the surface to the base of the

core (Fig. 3).

Pollen extraction. Pollen extraction followed standard procedures
(Faegri and Iversen 1975). The samples (volume 1 cm3

) were placed

in 10% HC1 and Lycopodium tracers were added to permit calcu-

lation of pollen concentration. After screening, the samples were
treated with concentrated HC1 and left overnight in 40% HF to

remove carbonates and silicates. The samples were acetolyzed to
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Fig. 1 . Map of Dinkey and Exchequer Meadows area showing extent of late-

Pleistocene Glaciation (stippled pattern). Inset shows location of California sites

mentioned in text.

remove cellulose and similar organic compounds, and treated with
10% KOHto remove humates. After staining, the samples were
transferred to glycerin.

Pollen identifications were based on the reference collection and
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RADIOCARBONYEARS B.P.
(THOUSANDS)

Fig. 2. Graph of Dinkey Meadow radiocarbon dates versus sediment depth. Solid

line shows least squares regression of dates on sediment depth below 1 50 cm; above
this depth it is connected directly to the surface. Height of squares is sample interval,

width is date ± one standard deviation.

library at the University of Arizona Palynology Laboratory. The
pollen sum (divisor for percentage calculations) does not include

aquatics; e.g., Salix or Cyperaceae, or spores. The following notes

apply to the types shown on the pollen diagrams (Figs. 4 and 5):

Cupressaceae may include some Taxaceae and Taxodiaceae except

Sequoiadendron. Ericaceae includes mostly Arctostaphylos but at

least one other type was seen. "Other Compositae" includes all

pollen of that family excluding Ambrosia, Artemisia, Cirsium, and
Liguliflorae.

Plant macrofossils. The sediment from both sites was suspended
in water and screened to remove fine inorganic particles. Identifiable

remains (seeds, needles, and large pieces of wood) were removed
from the matrix under 7-45 x magnification. Conifer needles were
sectioned to permit species identification, and the abundance of
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Fig. 3. Graph of Exchequer Meadow radiocarbon dates versus sediment depth.
Solid line shows least squares regression of dates on sediment depth. Height of squares
is sample interval, width is date ± one standard deviation.

charcoal was noted on a scale of zero (absence) to four (very abun-
dant).

Results

The Dinkey Meadow sediments are yellowish brown (10YR 5/4,

Munsell color) to very dark gray (5YR 3/1) peat down to 69 cm;
and dark gray (10YR 4/1) medium sand to the base of the core. A
volcanic ash layer is present at 39-40 cm. Exchequer Meadow sed-

iments are less homogeneous. They are primarily peat down to 101
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Fig. 4. Dinkey Meadow pollen diagram for abundant pollen types plotted versus

sample depth. Dots are for percentages less than 2%. Cyperaceae and other aquatics

are outside the pollen sum, Pinus is in the sum. Pollen zones and ages of boundaries

shown on right. Vertical width of charcoal histograms shows width of sediment sample

interval.

cm, interbedded sand and peat to 290 cm, and alternating fine and
coarse sand down to 399 cm. Two volcanic ashes are present at

Exchequer Meadow: one at 50-54 cm; the other at 1 69-1 70 cm; The
54 cm Exchequer Meadow ash, the only one suitable for identifi-

cation, was identified as a "young Inyo Crater Ash."

Dinkey Meadow. The Dinkey Meadow pollen diagram (Fig. 4)

shows relatively little change, which is not surprising given its rel-

atively brief (<5000 yr) record. Pinus is the most abundant pollen

type (50-83%), followed by Abies (4-19%) and Quercus (0-13%).
The percentages of Abies are lower and the percentages of Quercus
are higher than at Balsam Meadow, which is consistent with the

lower elevation (2040 vs. 1683 m) of Dinkey Meadow. The age of

maximum Abies pollen percentages (Fig. 4) at Dinkey Meadow
(1980 ± 160) is very close to estimated age of maximum Abies

percentages (1710 yr B.P.) at Balsam Meadow.
The plant macrofossils from Dinkey Meadow (Table 1) provide

additional data for paleoenvironmental reconstructions. All of the

conifer species now at the site are present as plant macrofossils.

Pinus murrayana needles are the most abundant macrofossil, but

other conifers are absent above 100 cm. The sediments from 100-
1 70 cm, which contain maximum Abies pollen percentages, contain
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Fig. 5. Exchequer Meadow pollen diagram for abundant pollen types plotted

versus sample depth. Dots are for percentages less than 2%. Cyperaceae and other

aquatics are outside the pollen sum, Pinus is in the sum. Pollen zones and ages of

boundaries shown on right. Vertical width of charcoal histograms shows width of

sediment sample interval.

both Abies concolor and Abies magnified needles, so both species

could have contributed to the Abies pollen maximum. The Abies

magnified needles in the 1 10-120 cm sample, however, are the only

remains of this species in the core. Charcoal abundance (Fig. 4)

shows two peaks: one at 170-180 cm (2365 yr B.P.) just before

maximum Abies pollen percentages, and the other at 260-270 cm
(ca. 4180 yr B.P.). This trend in charcoal concentration is similar

to that at Balsam Meadow (Davis et al. 1985).

Exchequer Meadow. The pollen zones for Exchequer Meadow(Fig.

5) are the same as those for Balsam Meadow (Davis et al. 1985)

demonstrating the regional nature of the vegetation change, but the

beginning of the Abies zone is later (1870 ± 60 yr B.P.) than at

Balsam Meadow(3000 yr B.P.). The age of maximum fir percentages,

however, is nearly the same at Exchequer (1870 ± 70), Dinkey
Meadow (1980 ± 160) and Balsam Meadow (1710 yr B.P.). The
boundary between the Pinus and Artemisia zones at 7070 ± 70 yr

B.P. is synchronous with this transition at Balsam Meadow, but the

basal Artemisia zone is longer, and is subdivided into upper Quercus

and lower Gramineae subzones at ca. 10,680 yr B.P. In the Gra-

mineae subzone percentages of Sequoiadendron, Gramineae, Cas-

tilleja, and Cruciferae are greater than any at Balsam Meadow.
The diversity and concentration of plant macrofossils at Exche-

quer Meadow is less than at Dinkey Meadow. Sedge (Carex) remains
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0 400 800

Fig. 5. Continued.

are the most abundant type. The Abies needles were preserved too

poorly to identify to species, but Abies sp. and Pinus murrayana
remains were present in surface sediment (Table 2). Charcoal frag-

ments reach peak abundances at 80-90 cm (2740 yr B.P.), 124-129
cm (4 1 40 yr B.P.), and 1 99-244 cm (7350 yr B.P.), a sequence similar

to that at Balsam Meadow.

Discussion

Paleoclimatology. An Abies pollen maximum shortly after 1900
yr B.P. is present at all three sites we have studied in the area. This

event follows the general initiation of meadow development in the

western Sierra (Wood 1975) that accompanied the beginning of

Neoglacial cooling ca. 3000 years ago. Nineteen hundred yr B.P. is

recognized as an interval of glacier retreat within the Neoglacial in

western North America (Porter and Denton 1 967), but Scuderi (1 984)

states that glaciers in the high Sierra Nevada may have advanced at

this time (1850 yr B.P.). Nineteen hundred yr B.P. falls between
periods of cool moist climate recorded in the growth of bristlecone

pine in the White Mountains of eastern California (LaMarche 1978).

At Balsam and Dinkey Meadows macrofossils of Abies concolor

and A. magnified are present during the Abies pollen maximum
(Table 2, Fig. 5). Today, these species do not grow on the bogs. Both
white and red fir are characteristic of relatively dry slopes (Munz
1959), so the invasion of the meadows 1900 yr B.P. may indicate a

period of warm, dry climate when the bogs dried. The Exchequer
Meadowcore was taken near the edge of the meadow; consequently,
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its surface sediment contains fir macrofossils. During the fir pollen

maximum, sedge pollen percentages are low at Dinkey Meadow (Fig.

4), and sedge macrofossils are absent in Exchequer Meadow sedi-

ments (Table 2), perhaps indicating meadow desiccation.

A date of 1920 ± 50 yr B.P. (A-4428) at 64-70 cm marks a

transition from inorganic to organic sediments at Quillwort Pond
(Fig. 1). Isoetes megaspores are present throughout the 1 m core,

but below 70 cm pebbles are abundant and plant macrofossils are

absent. Above 70 cm Potamogeton and Carex are common, and
conifer needles and seeds are abundant (up to 1 2 Abies needles cm-3

).

Thus, the date marks the beginning of encroachment of trees and
emergent aquatics into the Quillwort Pond basin.

Sites at higher elevation do not consistently show the Abies pollen

maximum (Anderson 1987), so its importance may be limited to

low elevation sites (below 2400 m?) where precipitation is less.

An "early Holocene Xerothermic. " The classical climatic sequence
for western North America calls for greatest temperatures and lowest

moisture 7000-4500 yr B.P. during the "Altithermal" of Ernst An-
tevs (1948). This chronology was never accepted universally (Asch-

man 1957, Martin 1963), and many authors (Kearney and Luckman
1983, Ritchie et al. 1983, Hebda and Mathewes 1984, Davis et al.

1985, 1986, Elias 1985, Vance 1985) have found evidence for a

much earlier thermal maximum centered ca. 10,000-8000 yr B.P.,

before the beginning of the classical Altithermal.

Many of the studies documenting the "early Holocene Xerother-

mic" (a phrase proposed by Hebda and Mathewes 1984), have been
of sites at high elevation (Kearney and Luckman 1983, Elias 1985)

or at high latitudes (Ritchie et al. 1983) where summer temperature

controls the position of tree line. Due to the changing relationship

of the perihelion and the summer solstice, insolation during summer
months (June, July, August) was greatest in the northern hemisphere
prior to 7000 yr (Davis et al. 1986). Although the actual change in

insolation is small, atmospheric circulation is very sensitive to even
small changes in insolation. General Circulation Models (e.g., Sellers

1984, Kutzbach and Guetter 1986) indicate summer temperature

9000 yr B.P. were 1-2° C warmer than today.

Previous paleoenvironmental studies in the western Sierra Nevada
have demonstrated maximum aridity in the early Holocene ca. 7000-
1 0,000 yr B.P. (Davis et al. 1 985). The data from Exchequer Meadow
corroborate this finding, providing support for the contrast between
western Sierra climate and that of regions to the west and east. The
early-Holocene sediments from Exchequer Meadowalso contain the

pollen of species that are today near their upper-elevational limits,

indicating that temperatures were not much colder than today, there-

by supporting the findings of Kearney and Luckman (1983), Ritchie

et al. (1983), and Elias (1985) based on the position of upper treeline.
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Fig. 6. A-D. Pollen from Exchequer Meadow, 312 cm Artemisia (A), Cupres-

saceae (B), Sequoiadendron (C-D); E. Sporormiella spore (Exchequer Meadow, 345
cm); F-G. terminal bud of Calocedrus or Juniperus (Exchequer Meadow, 274-299
cm).

At Exchequer Meadow, Sequoiadendron pollen is present from
3 1 2-340 cm and a cf. Calocedrus or Juniperus macrofossil is present

at 274-299 cm (Fig. 6). Both Sequoiadendron and Calocedrus (now
at 1400-2560 mand 730-2500 m respectively, Munz 1959, 1968)

would be near their upper elevational limit at Exchequer Meadow
(2219 m), and neither are present there today. The nearest Sequoia-

dendron grove to Exchequer Meadow today is the McKinley grove,

5 km south at 1951 melevation (Fig. 1).

A series of environmental factors influence the distributions of

plant taxa. Soil moisture and fire frequency are particularly impor-
tant for the regeneration of Sequoiadendron. But in general, the upper
elevational limits of plants are set by temperature (Daubenmire
1943). For these species to have been present near their current

upper-elevation limits during the early Holocene, temperatures could

not have been much colder than today.

Cole (1983) has documented the presence of Sequoiadendron pol-

len and Calocedrus macrofossils from 14, 190 to over 45,000 yr B.P.

in packrat middens from 980 to 1280 melevation in Kings Canyon
(Fig. 1). It appears that these species also were more widespread at

low elevation during the late-glacial and early Holocene.

Prior to the expansion of Sequoiadendron, the vegetation near

Exchequer meadow probably resembled Crucifereae-dominated al-



146 MADRONO [Vol. 35

pine grassland that today occurs on dry open areas with raw soil

(Major and Taylor 1977, p. 629). The dearth of tree pollen and
abundance of herb pollen, particularly Castilleja and Cruciferae (Fig.

5) indicate alpine vegetation. Weinfer a rapid climatic warming ca.

11,000 yr B.P.

The absence of spores of the dung fungus Sporormiella in sedi-

ments younger than ca. 1 1,000 yr B.P. at Exchequer Meadow may
date the extinction of the Rancholabrean megafauna in the western

Sierra. The spores are not present in Holocene sediments, but are

abundant (2.3%, 32 grains cm 2 yr -1
) in sediments below 340 cm

(Fig. 5) equivalent to an age of 1 1,600 yr B.P. (Fig. 3). Sporormiella

spores (Fig. 6) are abundant in modern sediments only where in-

troduced grazing animals are plentiful, and they are even more pro-

fuse in sediments older than 1 1,000 yr B.P. in several sites (Davis

1987). The spores are linked directly to extinct animals by their

presence in mammoth dung (Davis et al. 1984). Although Sporor-

miella spores are not restricted to extinct animals, their presence in

late-Pleistocene sediments at Exchequer Meadow and other sites

appears to record a declining abundance of grazing animals at the

end of the Pleistocene.

Conclusions

The pollen and macrofossil records from Exchequer Meadow in-

dicate vegetation during the early Holocene resembling that found
east of the Sierra Nevada today. These records corroborate earlier

findings of aridity in the western Sierra at a time when areas to the

west and east were relatively moist, concurrent with the extinction

of Pleistocene megafauna in the area. Modern climatic contrasts

between coastal, interior, and rainshadow regions play an important

role in the vegetational differences among these areas. Paleovege-

tation data from Exchequer Meadow and other sites indicate dif-

ferent climatic and vegetational histories for these areas during the

late Quaternary. These paleoclimatic differences also may have played

a role in the differentiation of these vegetation types.
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